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Abstract
Organic air pollutants are widely used in building materials, personal care and household products.
Studies have been linking the exposure to these organic air pollutants with adverse health outcomes,
including respiratory, cardiovascular, neurobehavioral outcomes, and cancer. Techniques to
measure personal exposure to organic air pollutants include backpacks containing filters/pumps,
and a set of single pollutant monitors. These techniques usually involve solvent extraction of filters.
They are expensive, time-consuming, and inefficient which are not suitable for large scale,
longitudinal exposome studies. The FreshAir samplers were developed to capture a wide range of
compounds simultaneously throughout the exposure, its high degree of feasibility and low-cost
feature coupled with high-throughput sample analysis technique using gas chromatography high
resolution mass spectrometry (GC HR-MS) allow large scale deployments in longitudinal
epidemiological studies. Here we assessed the personal exposures using FreshAir samplers
positioned at different locations on an individual. The exposure measurements were compared in
different wearable forms. Variations by season and housing conditions were found in the personal
exposures. Participants wore four forms of FreshAir samplers for 24 hours. Questionnaires on
housing conditions and personal activities were collected at the end of samplings. There were 56
organic air pollutants found in all different wearable forms. The near head and foot measurements
are significantly different from the near chest or wrist measurements. Near wrist measurements
were not significantly different from the near wrist measurements. Among measurements from all
wearable forms, five phthalates were found to have the highest concentrations. Comparing
phthalate concentrations in different wearable forms, near head measurements had the highest level
of exposure which suggests that personal care product uses are one of the main sources of exposure
for phthalates. Variations by seasons and housing conditions were observed in this study. Selected
analytes, mainly polycyclic aromatic hydrocarbons, found to have significantly higher
2

concentrations in summer than in winter, and significantly higher concentrations in off-campus
participants than on-campus participants.
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Introduction
Chemicals are ubiquitous in the environment1–4. Many chemicals are toxic substances that are
manufactured, processed, and imported because of industrial needs 5–8. An individual may expose
to many chemicals in one day via inhalation, ingestion, and dermal exposure pathway4,8,9. The
main sources of exposure to these chemicals are food, cosmetics and personal care products,
household goods, and building materials5–7,10–12. Studies have evaluated the exposure to those toxic
substances, including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), organophosphates, phthalates, pesticides, and smoking-related compounds (e.g. nicotine
and tetrahydrocannabinol)2,5–19. And these organic air pollutants have found to associate with
adverse health outcomes, including respiratory diseases, cardiovascular diseases, cancer and
neurobehavioral outcomes 4–7,18. Current techniques of assessing personal exposures to organic air
pollutants include backpacks containing filters/pumps and a set of samplers for single pollutant
monitoring. Pollutants sampled on filters are then solvent extracted and analyzed by gas
chromatography mass spectrometry (GC-MS). These sampling techniques require the use of
batteries, they are laborious and expensive which is limited to be deployed in large population
exposome studies. To evaluate the totality of an individual’s exposure at a critical window of
susceptibility to air pollutant mixtures, alternative exposure assessments are needed to study
longitudinal environmental exposures20,21.

Passive sampling techniques do not require the use of pumps. They have been widely used to
measure ambient concentrations of organic air pollutants at stationary locations, including volatile
organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), flame retardants, and
pesticides22–32. These samplers contain a liquid and/or solid polymetric sorbent membrane as an
extraction phase33. And the amount of pollutants extracted from the air by the sorbent membrane
5

is proportional to ambient concentrations within the linear regime34. As the sampling time is
extended, the uptake of air pollutants by the sorbent membrane moves to the near equilibrium
regime which is when an equilibrium is reached with ambient concentrations34. Restricting sorbent
membrane extraction to the linear regime enables a time-weighted average exposure concentration
to be determined35,36. The extraction selectivity, as well as rate and capacity, are determined by the
volume and geometric configuration of the sorbent membrane as well as the agitation conditions
of the sampler (i.e., boundary layer thickness)37,38.

Sorbent membranes have also been incorporated into wearable form factors to facilitate personal
exposure assessment using passive sampling methods. Badges and diffusion tubes worn on an
individual’s lapel have been deployed to evaluate VOC exposure39,40. Several studies have more
recently demonstrated the utility of commercially-available silicone wristbands (MyExposome)
for sampling PAHs, flame retardants, pesticides and phthalates 28,41. The feasibility of detecting an
individual’s environmental and occupational exposures to PAHs, flame retardants, pesticides and
phthalates using the MyExposome silicone wristband has been reported for cohorts in the United
States14,28,41, Peru42 and Senegal43 ranging from multi-hour to multi-week exposure assessment
periods. These silicone wristbands have also been deployed with pre-school children (aged 3 to 5
years) to assess exposure concentrations of polybrominated diphenyl ethers and organophosphate
flame retardants44. Among these studies, seasonal variations of PAHs measured in MyExposome
silicone wristband has been reported in a Native American community14.

While silicone wristbands have emerged as an attractive exposure assessment tool for a wide range
of volatile and semi-volatile organic exposures, there are several caveats with the sampler design
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and analysis approach described by Anderson et al (2017). The first is related to the multiple
exposure routes captured by the wristband. The wristband is comprised of a ~2.5 mm thick silicone
sorbent membrane. As this sorbent membrane is in contact with the air and skin during the
assessment period, the measured exposure represents a combination of ambient air and dermal
sources. Another limitation of this approach is the solvent desorption method used for analysis of
PAHs, flame retardants, pesticides and phthalates. This manual procedure requires extended
laboratory personnel time, limiting the feasibility of the silicone wristbands in large study
populations. Additionally, experience has shown that despite efforts to clean the MyExposome
silicone wristband through thermal conditional procedures, this sorbent membrane experiences
considerable siloxane bleed. The elevated siloxane background is not conducive to untargeted
analysis, restricting analyte detection to selected ion monitoring mode. Addressing these design
and analysis issues are critical as the deployment of wearable passive samplers in epidemiology
studies increases.

We have developed the FreshAir samplers to profile personal air pollutant exposures45. The device
consists of a wristband or clip with a polytetrafluoroethylene (PTFE) chamber that contains a
PDMS sorbent membrane for evaluating SVOC exposures. While the sampler is worn, organic
analytes are absorbed by the PDMS. A thermally stable PDMS was selected as the sorbent
membrane to enable automated thermal desorption of samples directly onto a GC-MS operated in
full scan mode. Because there are no solvent extractions, the FreshAir technique is efficient at
processing a large number of samples with little loss of analytes during extractions. FreshAir
incorporated high purity PDMS membrane in a housing case, it measures exposure to organic air
pollutants only via inhalation.

7

Although the passive samplers’ feasibility of wearing, and capability of measuring organic air
pollutants have been well demonstrated, there is no study evaluating the equivalence of personal
exposure measurement at different body locations (e.g. wrist vs. lapel). In addition, these sorbentbased wristbands and lapels are mainly positioned at the center of the body near the breathing zone
for less interruptions of participants’ routine activities and for better evaluations of the relevant
exposure via inhalation. But, it is unknown how representative of one’s exposures by the near wrist
or chest measurements, and the equivalence of personal exposure collected from different body
locations. In this study, we sought to evaluate the equivalence of personal exposure estimates
measured by FreshAir passive sampling devices positioned at different locations on an individual.
At the same time, we sought to investigate the impacts of seasons and living conditions on the
exposures to organic air pollutants. To our knowledge, this is the first study to evaluate the
equivalence of exposure from four different locations on an individual using the same passive
sampling technique.
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Methods
Study Design. Participants were recruited from Yale University, New Haven, CT (N=32) from
September 2019 to March 2020. Eligible participants were 18 years of age or older, and affiliated
with Yale University. Participants were required to 1) wear four forms of the passive FreshAir
sampler for 24 hours, 2) complete one activity log, and one house characteristic form. This study
was approved by Yale University Institutional Review Boards. At the end of this study, all
samplers returned to the laboratory for analyzing. All participants completed the activity log form,
66% of the participants completed the house characteristic form (Table 1).

Reagents. Methanol and hexane (Optima LC/MS grade), toluene and dichloromethane (HPLC
grade), and polydimethylsiloxane polymer were purchased from Fisher Scientific (Hampton, NH,
USA). Analytical standards were greater than 98% purity, they were purchased from Accustandard
(New Haven, CT, USA) and SPEX (Metuchen, NJ, USA).

Passive Air Wristband Sampler. Personal exposure to airborne contaminants was evaluated
using novel wearable passive air sampler known as the FreshAir wristband45. This sampler
consisted of a silicone band/clip that housed a polytetrafluoroethylene (PTFE) chamber (Figure
1A). This PTFE chamber contained four custom fabricated PDMS sorbent bars which were used
to passively absorb airborne chemicals (Figure 1B). PDMS sorbent bars were custom fabricated
and cleaned in a vacuum oven (2 h, 300 °C) under of 0.1-0.3 L/min flow of high purity nitrogen
(99.99%) prior to use. Cleaned PDMS sorbents were individually placed in microvial inserts and
stored in air-tight 2mL amber glass vials with PTFE septa caps. Immediately prior to deployment,
a member of the study team positioned four cleaned PDMS sorbent bars into the PTFE chamber
and assembled the FreshAir wristband. PDMS sorbent bars were secured in place using pre9

cleaned neodymium magnets (K&J Magnetic, Plumsteadville, PA, USA). The wristbands were
worn by participants for the 24-hour exposure assessment period. A member of the study team
returned the PDMS sorbent bars from the wristband back to the glass storage vials using stainless
steel forceps immediately following the sampling period. Samples were stored at -20 °C prior to
analysis. Field blank PDMS sorbent bars were also collected throughout the study.

Figure 1. The FreshAir Wristband and Clip for passive air sampling (A). These samplers consist
of a silicone band which houses PTFE chamber and contains three to four custom fabricated
PDMS sorbent bars (B).

Sample preparation: All laboratory glassware and tools were rinsed with methanol and baked at
75º C for at least 24 hours before use. PDMS sorbent bars were thermally conditioned. In
preparation for sampler deployment with participants, study team members placed four replicate
10

PDMS sorbent bars in a custom designed PTFE Teflon chamber and mounted in a silicone
FreshAir wristband/clip. Following the sampling collection, PDMS sorbent bars were immediately
removed by the study team from the housing chamber using stainless steel forceps and returned to
sealed glass storage vials and stored at -20°C.

Wristband Sample Analysis and Data Processing. All laboratory glassware and tools were
rinsed with methanol and baked at 75º C for at least 24 hours before use. All cleaned glassware
and tools were stored at 75º C oven until use. Immediately prior to analysis, PDMS sorbent bars
were loaded with an internal standard mixture which contained 4,4’-dibromooctafluorobiphenyl,
5'-fluoro-2,3',4,4',5-pentabromodiphenyl

ether,

naphthalene-d8,

1-methylnaphthalene-d10,

acenaphthene-d10, fluorene-d10, phenanthrene-d10, fluoranthene-d10, pyrene-d10, perylene-d12,
phenol-d5, and p-terphenyl-d10. Sorbent bars were then placed into pre-cleaned glass autosampler
tubes (Gerstel, Linthicum, MD, USA) on a temperature-controlled autosampler tray maintained at
10 ºC (MéCour, Groveland, MA, USA). For sample analysis, an autosampler tube was transferred
into a thermal desorption unit (TDU; Gerstel, Linthicum, MD, USA). The TDU was initially held
at 30°C for 1.1 min and then ramped at 720 °C per minute to 280 °C (5 min hold) under a flow
rate of 350 mL/min of helium gas (99.999%). Extracted analytes were cyro-focused to -90 ºC on
a 2mm, glass wool deactivated liner in a cooled injection system (Gerstel, Linthicum, MD, USA)
cooled to -90 ºC. The transfer line between the TDU and cooled liner was maintained at 250 °C.
Analyses were directly transferred to the GC column (TG-5SILMS, 30m x 0.25mm x 0.25 μm).
The carrier gas flow (helium) was set to 1.4 mL/min and the GC oven was held at 70 °C for one
minute and then ramped at 7 °C/min to 300 °C. The final temperature was held for 4.0 min for a
total run-time of 37.86 minutes. During the analysis, full-scan electron ionization (EI) mass spectra
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(m/z 53.4 – 800) was recorded at an acquisition rate of 4 Hz. QCs and blanks (laboratory and
transport) which were run every 5 samples.

Raw mass spectral data were analyzed using TraceFinder 4.1 (Thermo). A seven-point calibration
curve was developed for each compound, then applied for quantification for a total of 71
compounds. All coefficients of determination (R2) are greater than 0.95. Peak integration was
checked manually prior to data export. After peak-picking raw mass spectral data, blank feature
filtering (BFF) was performed using field blanks to remove compounds with high levels of
background contaminations 46. BFF was performed with the following equation:
Equation 1:
𝑥95% > (𝑏̅ + 3𝜎𝑏 ) × 10
𝑥95% = sample 95th percentile
(𝑏̅) = field blank average
𝜎𝑏 = standard deviation of the field blank

Statistical Analysis. All statistical analysis was performed using RStudio (version 3.6.2). The
analysis was conducted for 56 compounds after BFF. For concentrations below the limit of
detection (LOD), the concentration was replaced by the lowest value divided by 2. All chemicals
were log-transformed (x+1). After log transformation, the data showed a bimodal distribution for
all compounds.

The Kendall rank correlation coefficient was calculated for all analytes. Kendall rank correlation
is similar to spearman rank correlation but more robust and efficient. The Kruskal-Wallis tests by
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ranks and Wilcoxon signed-rank tests were conducted for comparing multiple groups and two
groups data. For all analyses, a level of α = 0.05 was used for the determination of significance.
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Results
All participants completed the activity log form, and 21 participants completed the housing
characteristic questionnaire. There were 14 participants involved in this study in the summer
(August to October in 2019), samples were collected from 18 participants in the winter (December
2019 to March 2020). During the exposure period, 22 participants were living off-campus (nearby
apartments or houses),10 participants were living on-campus (university dorms). The 32 samplers
placed near chest, wrist, or foot were all returned to the lab. For samplers placed near head, 24
were returned (Table 1).
Table 1. Summary of study population.

Analytes in Samplers. A total of 56 analytes were used for statistical analysis. These analytes
were categorized into 14 chemical classes, including brominated flame retardant, chlorinated
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hydrocarbons, fungicide, haloether, nitroaromaics/isophorone, nitrosoamine organochlorine
pesticide, organophosphate ester flame retardants, polycyclic aromatic hydrocarbons (PAHs),
polybrominated diphenyl ethers (PBDEs), phthalate pyrethroids and related analytes, smoking
related analytes, and volatile organic compounds (VOCs). In these 14 chemical classes, phthalates
have the highest mean and median concentration (mean = 9.55 pg PDMS-1; median = 10.46 pg
PDMS-1); the haloether, bis(2-chloro-1-methylethyl) ether has the lowest mean and median
concentration (mean = 0.30 pg PDMS-1; median = 0.18 pg PDMS-1) (Table 2). There are 5
phthalates within the class, dimethyl phthalate (DMP) has the highest mean and median
concentration (mean = 10.67 pg PDMS-1; median = 11.18 pg PDMS-1). In the 56 analytes from all
or from individual sampling locations, the highest and lowest mean and median concentrations are
DMP and bis(2-chloro-1-methylethyl) ether.
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Table 2. Summary of measurements from all wearable forms.
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Figure 2. Comparison of different wearable forms.

Different Wearable Forms Comparisons. Wearable form comparisons by individual compound:
among 56 analytes, 31 chemicals showed significant differences in various sampling locations
(Supplementary Table S2). These chemicals included 5 phthalates (Butylbenzyl phthalate or BBP,
di-n-octyl phthalate or DnOP, di-n-butyl phthalate or DBP, diethyl phthalate or DEP, DMP), 1
brominated

flame

retardant

(2-ethylhexyl-2,3,4,5

tetrabromobenzoate

or

TBB),

2

nitroaromatics/isophorones (2,6-dinitrotoluene, 2,4-dinitrotoluene), 2 organophosphate Ester
(OPE) flame retardants (triphenyl Phosphate or TPHP, tris(chloropropyl)phosphate or TCPP), 17
PAHs

(pyrene,

acenaphthylene,

benz[a]anthracene,
phenanthrene,

fluoranthene,

chrysene,

benzo[b]fluoranthene,

n-nitrosodiphenylamine,

dibenzofuran,

fluorene,

benzo[k]fluoranthene, anthracene, indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene, acenaphthene,
benzo[a]pyrene, benzo[ghi]perylene), 1 PBDE (2,2',4,4'-tetrabromodiphenyl ether or PBDE 47), 1
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smoking related (nicotine), 1 organochlorine pesticide (chlorothalonil), and 1 pyrethroid
(piperonyl Butoxide).

Wearable form comparisons among/between samplers: the mean and median concentrations of
near wrist and chest were close to the mean and median concentrations from all locations (Table
2, Figure 2). In these 4 different wearable forms, there were no significant differences between
wrist and chest, foot and head (p>0.05). There were significant differences between wrist and foot
(p<0.001), wrist and head (p<0.001), chest and foot (p<0.001), chest and head (p<0.001).
Participants wearing different forms of samplers were all positively correlated (participants
correlated with participants), the tau coefficient ranged from 0.37 to 0.94 (Supplementary Figure
S3).
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Figure 3. Correlation by compounds from all wearable forms. A table of compounds is shown in
Supplementary Table S1.

Wearable form correlations by compound classes: for correlations in compound classes between
wrist measurements and head/foot/chest measurements, most chemicals from PAHs class showed
positive correlations with PAHs from other wearable forms (Figure 3). This trend applied to
brominated flame retardants, chlorinated hydrocarbons, fungicide, nitrosamines, phthalates,
pyrethroids, and VOCs.

Most chemicals from classes of nitroaromatics/isophorone, organochlorine pesticide, OPE flame
retardants in wrist measurements showed negative correlations with the same class chemicals from
near head, foot and chest measurements.
19

Chemicals from near wrist PBDEs showed positive correlations with PDDEs from near head and
foot, but showed negative correlations with near chest PBDEs. And smoking related compounds
in wrist measurements either positively correlated or not correlated with smoking related
compounds from other sampling locations.

On average, excluding the compound itself, chemicals in the brominated flame retardant classes
from other body locations were positively correlated with 63% chemicals from the wrist, 40% for
fungicides, 60% for haloethers and nitroaromatics/isophorone, 63% for chlorinated hydrocarbons,
75% for nitrosamines, 57% for organochlorine pesticides, 69% for OPE flame retardants, 73% for
PAHs, 54% for PBDEs, 68% for phthalates, 66% for pyrethroids, 65% for smoking related
chemicals, and 48% for VOCs. Among all of these, fungicides, PBDEs and VOCs had the least
percent of positive correlated chemicals. Nitrosamines, OPE flame retardants, and PAHs had the
greatest percent of positively correlated chemicals.

Wearable form correlations by individual compound: for correlations among the same individual
compound in near wrist, head, foot and chest, all were positively correlated with the compound
itself, for example, pyrene from wrist was positively correlated with pyrene from head, foot or
chest (Figure 3).

Looking at the correlations between chemicals from head and wrist measurements, pyrene from
head was positively correlated with 92% chemicals from the wrist, 92% for fluoranthene, 85% for
phenanthrene, dibenzofuran and benzo[b]fluoranthene, 83% for nitrobenzene, 81% for anthracene,
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benzo[k]fluoranthene, indeno[1,2,3-cd]pyrene and butyl benzyl phthalate. Compounds showed the
least percent of correlated compounds are, dieldrin from head which was positively correlated with
10% chemicals from the wrist measurements, 21% for 2,6-dinitrotoluene, 31% for PBDE 154, 33%
for PBDE 28, tetrachloro-m-xylene and α-BHC, 35% for fludioxonil, 40% for PBDE 100, 42%
for chlorothalonil, 46% for PBDE 99, THC-9, and 1,3-dichlorobenzene.

For correlations between chemicals from foot and wrist measurements, p,p'-DDD from the foot
was positively correlated with 85% chemicals from the wrist. Analyte 1,4-dichlorobenzene from
the head was positively correlated with 33% chemicals from the wrist, 35% for 1,3dichlorobenzene, 38% for PBDE 28, 40% for dieldrin, 44% for fludioxonil, 46% for nitrobenzene,
46% for 2,6-dinitrotoluene.

For correlations between chemicals from chest and wrist measurements, acenaphthylene,
benzo[k]fluoranthene, phenanthrene and DBP from foot were positively correlated with 81%
chemicals from the wrist measurements. Analyte 2,6-dinitrotoluene and chrysene from head were
positively correlated with 40% chemicals from the wrist measurements, 42% for fludioxonil and
PBDE 154, 46% for α-BHC and dibenz[a,h]anthracene, 48% for chlorothalonil and 1,3dichlorobenzene. For compounds not listed above, they were positively correlated with 50 to 80%
compounds in other wearable forms.
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Figure 4. Including all wearable forms, variations were discovered. (A) Seasonal variations. (B)
Variations by housing conditions.

Seasonal Variations. All wearable forms: significant seasonal effects were discovered (p<0.05)
(Figure 4A). For the individual compound, concentrations of acenaphthene, benzo[ghi]perylene,
2-methyl naphthalene, phenanthrene, anthracene, fludioxonil, dibenzofuran, fluorene, indeno
[1,2,3-cd] pyrene were significantly different between summer and winter (p<0.001). THC-9,
nicotine, 4-nitroaniline, chlorothalonil, naphthalene, fluoranthene, n-nitrosodiphenylamine,
isophoron, TCPP, DBP, DMP, and benzo[k]fluoranthene also showed significant differences
between summer and winter measurements (p<0.05). All these analytes had higher concentrations
in summer than in winter, except for THC-9, the median concentration of THC-9 was 8.06
pg/PDMS in winter (mean = 6.85 pg/PDMS), and 3.10 pg/PDMS in summer (mean = 4.18
pg/PDMS).
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The seasonal effects in each wearable form factors were not significantly different, except for the
near foot (p<0.001). Near foot measurements: Within the near foot, dibenzofuran, phenanthrene,
DBP, and acenaphthene concentrations were significantly different in summer and in winter
(p<0.001). The concentrations of fluoranthene, fluorene, anthracene, DMP, TPHP, nnitrosodiphenylamine,

TCPP,

pyrene,

DnOP,

DEP,

nicotine,

2,6-dinitrotoluene,

hexachlorobutadiene, benz[a]anthracene, fludioxonil, and 2-methyl naphthalene in summer were
also significantly different than in winter (p<0.05). All these compounds’ concentration was higher
in summer than in winter, except for 2,6-dinitrotoluene and hexachlorobutadiene.

Housing Conditions. Differences between living on-campus and off-campus students found to be
significant (p<0.05) (Figure 4B). Fludioxonil and 2,4-dinitrotoluene (p<0.001), benzo[a]pyrene,
endosulfan I, DEP, bis(2-chloro-1-methylethyl) ether, 4-nitroaniline, benzo[ghi]perylene, TBB,
piperonyl butoxide, benz[a]anthracene, pyrene, 1,3-dichloro-benzene, and benzo[b]fluoranthene
(p<0.05) were significantly different. Benzo[a]pyrene, 2,4-dinitrotoluene, endosulfan I, DEP,
bis(2-chloro-1-methylethyl) ether, 4-nitroaniline, TBB, piperonyl butoxide, benz[a]anthracene,
pyrene, 1,3-dichloro-benzene, benzo[b]fluoranthene were found to be higher from off-campus than
from on-campus students. Fludioxonil and benzo[ghi]perylene were found to be higher from oncampus than from off-campus. Significant differences between housing conditions were not found
within the near wrist, chest, head, and foot measurements.
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Discussions
Phthalates Exposure and Personal Care Product Use. Chemicals from the phthalate class were
detected with the highest levels of concentration, they are DMP, DEP, DnOP, DBP, and BBP
which were ranked by median concentrations calculated from all wearable form factors. Many
studies tested gas phase phthalates concentrations in personal care product (PCP) in the United
States 10,47. Among the tested phthalates, all results showed that DEP was found in most PCPs and
the concentration was often the highest in all phthalates 10,47. These high-level DEP products are
hair care, perfumes, and shampoo

10,47

. At the same time, DMP, DBP and other phthalates were

found in these PCPs, but the concentrations were relatively lower

10,47

. Because phthalates are

prevalent in industrial uses for PCPs, high concentration of phthalates was found in all sampling
body locations and in all participants. A recent study looked at the PCP use among undergraduate
female college students

48

. The study showed that the use of deodorant, conditioner, perfume,

liquid soap, hand/body lotion, sunscreen, nail polish, eyeshadow, and lip balm was significantly
higher in college women than in pregnant and postpartum women, adult men, and Latina
adolescents 48. The result suggests that female students may contribute the most to the high-level
phthalates detected from all participants in all samplers.

Different Wearable Forms Comparisons. This was the first study that evaluated the differences
and similarities among various placements of samplers on the body using the same technique and
sampler design.

Variations by wearable forms. Significant differences among four wearable forms were found in
31 (55%) compounds from 11 chemical classes. The highest and lowest mean/median
concentration of these compounds varied, indicating variations of exposure was associated with
24

the compound’s fate and transport mechanisms and industrial uses. In most cases, near foot or near
head had the highest mean/median concentrations, near chest had the lowest mean/median
concentrations. Personal behaviors, industrial applications of compounds, and the accumulated
particle phase chemicals in the dust can lead to the differences from multiple wearable forms 6,7,14,18.
In these 31 compounds, all phthalates were detected to be the highest in near head measurements
comparing to other wearable forms. This was possibly caused by uses of PCPs such as perfume,
shampoo, and hair care products.

Comparing the near head and near foot, DEP had the highest concentrations in the near head, and
DnOP had the highest concentrations in the near foot. Various studies showed that lower molecular
weight phthalates were used as solvents in PCPs, and higher molecular weight phthalates were
used as plasticizers in polymers (e.g. PVC) 49. Moreover, higher molecular weight phthalates with
lower vapor pressures tended to predominate in dust
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. Ranking the 5 phthalates by highest

molecular weight and the lowest vapor pressure, it was DnOP, BBP, DBP, DEP and DMP. The
compound’s physical properties and previous PCP testing studies support that, DEP contributed
the most to the high concentrations in the near head measurements, and DnOP were predominated
in dust leading to the high concentrations in the near foot measurements. Due to short distances
between the wrist and chest sampler, the five phthalates’ concentrations were similar. And both
were lower than near head/foot measurements.
In the PAH class, the median concentrations varied in different wearable form factors. PAHs can
from many sources, such as traffic emission, use of PCPs, food items and smoking/vaping 5,6,11,17.
Considering our participants were full-time students, the length of exposure in various settings and
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type of microenvironments (e.g. different classrooms, libraries, dining halls) may contribute the
most to the variations of PAH levels.

Nicotine was detected to be the highest in near head measurements. It was not only detected in
smokers’ samples, but also in samples from non-smoking participants (SI Figure 2). This is
suggesting that the second-, third-, and fourth-hand smoke can be captured by the FreshAir
samplers in any wearable forms. Related to smoking, there was no significant differences for THC9 measurements in wearable forms (p>0.05). The highest median/mean concentration was found
in near foot measurements. It is likely participants were not using cannabis during sampling.
Otherwise, the THC-9 levels would be significantly different in the wearable forms, and the
highest THC-9 median/mean concentration would be detected in other wearable forms. Therefore,
THC-9 exposure was potentially second-hand smoke. Various studies evaluated secondhand
cannabis smoke by collecting urine or blood samples, the THC-9 metabolites were often below
the limit of detection 50,51. Our results demonstrated that FreshAir passive samplers can be used to
evaluate personal-level secondhand smoke of cannabis.

OPE flame retardants, often used as plasticizers by industries, were found with high mean
concentrations in near foot measurements. Considering OPE flame retardants can adsorb onto dust,
and near foot would have the extra contacts with particulates from dust, our results agree with
results from other studies that the levels of OPE flame retardants were higher in dust than in air
8,19

.
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Correlations of different wearable forms. The exposure profile from different wearable forms
varied by personal behaviors and the applications of the compounds. Positive correlations were
found among all participants, it indicates that all participants may share the common source of
exposure. And this common source of exposure was likely from the university. Each compound
class was positively correlated with at least 50% of the 149 chemicals from all wearable forms.
Furthermore, we found that same compounds were all positively correlated with themselves in
different wearable forms, this applied to the 56 (100%) analytes. These suggest there are multiple
sources of exposure for one wearable forms, and all wearable forms share few exposure sources.
One possibility is that, compounds adsorbed onto particulates were not only contributed to foot
measurements, but also captured by other wearable form samplers.

Although they were all positively correlated, near foot measurements were significantly different
from the near wrist or chest exposures. One reason is that near foot samplers may have largest
proportion of particle phase chemicals from the dust.

Past studies evaluated the association between gas phase and particle phase PAHs 9,52,53, the study
discovered that high molecular weight (4 to 6 rings) PAHs mainly found in the particulate due to
the insignificant vaporizations 9,52. For 18 selected PAHs in this study, 50% compounds were low
molecular weight (less than 4 rings); for 16 PAHs that showed significant differences in the 4
wearable forms, 72% were high molecular weight. This indicates that the dominance of high
molecular weight PAHs could contribute to the positive correlation among different wearable form
factors. And particle uptake may play a role in the correlation of various wearable forms.
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Seasonal Variations. Including all wearable forms, variations between two seasons (summer and
winter) were significant (p<0.05) for 21 compounds from 7 chemical classes.
One of the chemical classes with greatest number of compounds was PAHs, it included
Acenaphthene,

benzo[ghi]perylene,

phenanthrene,

anthracene,

dibenzofuran,

fluorene,

indeno[1,2,3-cd]pyrene, fluoranthene, n-nitrosodiphenylamine, benzo[k]fluoranthene, and 2methyl naphthalene. Few studies evaluated the seasonal effects for gas phase PAHs. Rohlman et
al. were using silicone wristbands as a passive sampler to assess the personal PAHs exposure levels
in a Native American community. They found that (1-methylphenanthrene was significantly
higher in cold season (winter) than warm season (spring), fluorine and 2-methyl naphthalene were
significantly lower in cold season than warm season

14

. Our results on fluorene (warm

season/summer median = 7.60 pg/PDMS, mean = 7.85 pg/PDMS; cold season/winter median =
6.34 pg/PDMS, mean = 6.51 pg/PDMS) and 2-methyl naphthalene (warm season/summer median
= 9.20 pg/PDMS, mean = 9.44 pg/PDMS; cold season/winter median= 8.19 g/PDMS, mean = 8.25
pg/PDMS) were similar with their results. Comparing to Rohlman et al.’s study, we had larger
temperature differences between the selected two seasons (summer average temperature = 75°F;
winter average temperature = 43°F) 54, and we were able to detect more than 95% of the compounds
in both seasons. That allowed us to find more significant seasonal variations in PAHs. The seasonal
variation pattern was also found by another study conducted by Li et al. They evaluated the indoor
and outdoor gas phase PAHs using active samplers in 10 Chicago area homes 11. Li et al. found
the sum indoors concentrations of low molecular weight PAHs (MW≤202) and high molecular
weight PAHs (MW≥252) were both higher in summer than in winter, but the results were not
significant. Considering full-time college students may spend more time in various indoor
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environments during the semester, the personal exposures of our study population were likely more
impacted by the indoor exposures than outdoor exposures.

All twenty-one analytes were found to have higher mean/median concentrations in summer than
in winter, except for THC-9 (warm season/summer median = 3.10 pg/PDMS, mean = 4.18
pg/PDMS; cold season/winter median = 8.06 pg/PDMS, mean = 6.85 pg/PDMS). Studies with
varied populations on smoking patterns mostly found peak use of marijuana during the summer,
this seasonal variation was possibly associated with social causes and changes in activity patterns
rather than biological causes

55–59

. Huang, Schildhaus, and Wright (1999) found that the use of

marijuana was the lowest in youth in summer. This may due to statistically fewer contacts of being
approached by drug dealers during the summer months

56,60

. In our study, samples collected in

summer were mainly from summer school students in the School of Public Health. Drug dealers
were mainly gathered at the New Haven Green which is half miles away from the School of Public
Health. Thus, these participants had less chances to be approached by drug dealers than winter
participants from other departments/colleges.

Nicotine was one of the 21 analytes found with seasonal variations (warm season/summer median
= 11.26 pg/PDMS, mean = 10.33 pg/PDMS; cold season/winter median = 6.73 pg/PDMS, mean =
6.85 pg/PDMS). Its seasonal variations matched with the variations in the initiation of smoking
among adolescents and youth 56,61,62, also matched with the USA cigarette sales pattern which is
peak in the summer months

62,63

. In our study, there were only two self-reported smokers. Other

participants were likely passive smoking. We considered the nicotine seasonal variations not just
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reflected college students’ smoking pattern, it more reflected the smoking pattern of New Haven
community.

Comparing different wearable forms, the significant seasonal variation was only found in near foot
measurements. It indicates the seasonal variations of personal activities.

Housing Conditions. Variations between housing conditions (on-campus and off-campus) were
found in 13 compounds. These analytes had higher concentrations in off-campus measurements
than in on-campus measurements, except for fludioxonil, and benzo[ghi]perylene. Fludioxonil is
a type of fungicide that can be found in or on carrots, certain types of stone fruits and plants 64.
Although significant variations of housing conditions were not found within individual samplers,
the concentration of fludioxonil was found to be higher in off-campus students than in on-campus
students in any wearable forms, and the difference was significant in near wrist, head, and foot
measurements (p<0.05). This is suggesting that exposure to fludioxonil in off-campus students
may from cleaning/cooking of food items and traveling of longer distances between living places
and the campus.

Limitations. We have demonstrated the FreshAir samplers can capture a wide range of
compounds at the individual level in any wearable form. This is the first study that evaluated the
equivalence of the same passive samplers placed at different body locations. During the study,
participants were required to provide information on house characteristics and 24-hour activities.
However, we do not know the accuracy of the provided information. Information bias may exist
which can influence the categorization of the housing conditions and lead to false conclusions.
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Second, PDMS bars were mounted on eyeglasses using PTFE wires for near head measurements.
There were no covers to guard the PDMS sorbent bars. Near head measurements were likely
contaminated via dermal contacts with face skin and fingers. This can be controlled/adjusted using
squalene detected from suspect screening data. Finally, there were 32 participants involved in this
study. A small sample size may influence the significance of few findings. For future works, it is
important to evaluate the contributions of particle phase and gas phase chemicals using the
FreshAir samplers.
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Conclusions
Four different forms of FreshAir samplers were worn by 32 participants in 24 hours while
conducting routine activities in New Haven, CT. FreshAir in all wearable forms can capture and
recover 56 compounds. FreshAir samplers are a candidate technique to be used in studies to
evaluate multi-class chemicals simultaneously. Its flexibility and low-cost features made it a great
option for large scale epidemiological and exposure science studies, and vulnerable populations.
Knowing the equivalence and differences in wearable form factors allows a better selection of
samplers for a study. Wrist and lapel are two locations that were often selected by researchers due
to conveniences of sampling, and short distances to the breathing zone. We found that near wrist
and chest measurements were equivalent. The mean and median concentrations from these two
sampling locations were equivalent to the mean and median concentrations from all sampling
locations. Near wrist and chest measurements were representative of one’s exposure from head to
toe. Near head and foot measurements were significantly different from the near wrist and chest
measurements, and from each other. Correlation by compound in near head and foot can well
reflect the exposure sources (e.g. PCP uses), and behavioral changes due to seasons. Personal
behaviors, PCP uses, and industrial uses of chemicals all played a role in the constitution of the
exposure profile. Seasonal variations and housing conditions were found to cause significant
differences in exposure, further studies are required to determine the specific sources of the
seasonal and housing variations. Overall, FreshAir samplers positioned at different body locations
are feasible and easy to wear, they can effectively evaluate exposure to multiple compound classes
at the same time. FreshAir sampler is a great candidate for any scale exposure science and
epidemiological studies.
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Supplementary Information
Our data are randomized. There were no batch effects (Figure S1).

Figure S1. PCA plot of samples by run batches.
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Sensitive behaviors highlighted by participants in the activity logs (Figure S2).

Figure S2. Concentration heatmaps including all wearable forms for individual participants.
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Including all wearable forms, all participants were positively correlated (Figure S3).

Figure S3. Correlation plots by participants.

43

There were 49 compounds detected in near wrist samples, 54 detected in near head sample, 50
detected in near foot samples, and 52 detected in near chest samples. A total of 56 unique
compounds detected from all wearables (Table S1).
Table S1. Compounds detected in samples from each wearable form.
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There were 31 compounds showed significant differences in wearable forms (Table S2).
Table S2. Kruskal Wallis p-value of compounds compared by four wearable forms. Significant
results were heighted in light blue.
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